Summary:
The aims of this study were to clarify the geographic distribution of complete cell death in the radiofrequency ablated area in a porcine liver experiment, and to evaluate the efficacy of ultrasonography using contrast media in detecting the area of Radiofrequency-induced cell death. Further, it is also very important to determine the best real-time imaging modality to evaluate the extent of the region of cell death induced by RFA. Although ultrasonography is the dominant image guidance technique for RFA, the accuracy of ultrasonography in depicting the extent of ablated tissue has been controversial. Most clinicians rely on contrast-enhanced CT or MRI to evaluate the size of the ablated area. However, newly introduced ultrasound techniques such as contrast harmonic imaging (CHI), flush echo imaging-subtraction (FEI-S) and flush echo imaging-power Doppler (FEI-PD), which utilize sonographic contrast media, may have the potential to depict tissue and tumor perfusion image sensitively [20] [21] [22] [23] [24] . For all procedures, the pigs were sedated with general anesthesia. Introduction was achieved using an intramuscular injection of 5 mg/kg of ketamine hydrochloride, Nomopain (Daiichi Pharmaceutical, Tokyo.) and 4.8 mg/kg xylazine, Quinorazin (Daiichi Pharmaceutical, Tokyo). The animals were then intubated and given 5 L/min of 0.5%-1.5% halothane. After adequate anesthesia was achieved, the pigs were placed in a supine position.
All animals were laparotomized by abdominal median incision. Under ultrasound guidance (Power Vision 6000, Toshiba, Tokyo), LeVeen Needle Electrodes with a diameter of 2 cm (15G, eight umbrella-shaped electrodes, Boston Scientific. Boston) were inserted into the liver parenchyma away from the liver surface in the right-middle lobe, left-middle lobe, and left-lateral lobe of each animal. Ablation was started after verifying the position of the needle using ultrasound. Current was passed after confirming that the tips of the eight umbrella-shaped electrodes were not protruding from the liver. An RF frequency of 460 kHz and maximum power output of 60 watts was applied using a monopolar RF generator, RF2000 (Boston Scientific, Boston). Each ablation was performed following the manufacturer's recommended algorithm, which calls for a single 2-phase application. In the first phase, the RF energy was applied beginning at a power level of 30 watts and was increased by 10 watts each minute until a level of 60 watts was reached. The power setting of the generator was maintained at 60 watts until either 15 min. total application time had elapsed or until impedance had risen to over 200 ohms, at which time the power passively decreased to less than 10 watts. After waiting 30 sec, a second phase was started and the application of RF energy continued until the impedance again rose to over 200 ohms or until a total of 10 min had elapsed. In harmonic mode imaging, the transmission and received frequencies were 2.5 MHz and 5.0 MHz, respectively. Pulse rate frequency was basically 4.5 KHz. The low cut filter was set to about 1.3 KHz. The mechanical index value was 0.8-1.2, depending on the focus and transmission frequency. The focus was generally set at one point at the lower margin of the target. CHI was performed for 30 sec in the arterial phase and 90 sec in the portal phase after contrast agent injection. FEI-S and FEI-PD were performed using commercially available hardware for intermittent harmonic mode, digital subtraction function and power Doppler function. Thirty seconds after contrast agent injection, 3-second intervals were used between rapid sequences of one to 5 acquisitions, and 90 sec after injection, 5-second intervals were used between rapid sequences of one to five acquisitions. The order of each harmonic imaging technique was determined according to a table of random numbers in each ablated area, and contrast media was injected for each harmonic imaging examination.
Pathological examination
After the imaging evaluation, the pig was sacrificed and the liver was excised. The ablated area was carefully excised from the liver, making sure to leave the track marking aid in place so as to identify the orientation of the RF probe entry. The liver was cut at the maximum diameter of the ablated region and along the identical scan line of the echo imaging under RFA procedure. Sections for HematoxylinEosin (HE) staining were prepared from the region containing the ablated area and the surrounding tissue, and sections for NADH staining [26, 27] were prepared from the opposite region. NADH staining denotes the intracellular mitochondrial viability of cells based on the presence of cell respiration, the concept being that a cell that is not respiring is not viable.
Immediately after preparation, the sections for NADH staining were frozen in optimal cutting tem- Fig. 2A) . The cytoplasm appeared eosinophilic, and the cell membranes were unclear. These findings showed degeneration, but did not elucidate necrosis. In the outer layer, severe congestion of the sinus filled with red blood cells and thinned hepatocytes were observed (Fig.  2B) . As in the inner and middle layers, few changes were observed in the hepatocyte nuclei and cytoplasm. In NADH staining (Fig. 3) , no cells were stained in the inner and middle layers, proving the absence of cellular activity. The outer layer was stained pale-blue at low magnification, and stained and non-stained cells were intermingled at high magnification, indicating that some of the cells had cellular integrity (Figs 4A and 4B) . 5B) . The Differences in the maximum diameter of the major axis between ultrasonographic imaging values and macroscopic values including measurements of only the inner and middle layers, which represent the extent of complete RF destruction, are shown in 
Influence of major vasculature on RF ablation
In cases where radiofrequency ablation was performed in a location including a large blood vessel, the macroscopic three-layer structure was not regularly in shape. The outer layer was irregularly wide and extended to the center (Fig. 8A) . The pale-blue NADH-stained layer, showing incomplete destruction of the cells, corresponded to the irregular outer layer (Fig. 8B) . In these cases, FEI-PD showed a narrow and irregularly shaped non-perfusion area, reflecting the irregular shape of the inner and middle layers (Fig. 8C) . resected the ablated area of the liver after RFA in patients with liver tumor, and observed tissue damage after RFA by HE staining. They reported that cell death could not be confirmed conclusively. In order to assess the viability of cells, the HE staining technique relies on visual examination of the condition of cell membranes and structures. In RF ablation, because of the tissue fixation action of high frequency waves [15, 16, 29] , the hepatic cord seemed to remain intact and cells containing preserved nuclei were observed from the central zone to the peripheral zone of the ablated area in HE staining. Therefore, cells in the ablated area were not considered nonviable. In many of the previous reports concerning RFA, the term "coagulation necrosis" was optimistically used to denote irreversible thermal damage to cells, despite the fact that the ultimate manifestations of cell death did not fulfill the strict histological criteria of coagulation necrosis. Kuromatsu et al. [17] investigated the changes of RF ablated areas by electron microscopy. They demonstrated that destruction of various organelles, such as mitochondria in the cytoplasm, showed cellular death of the ablated area. However, the geometric distribution of complete cell death in the ablated area could not be clarified accurately by electron microscopic examination. Therefore, it was not clear whether or not homogeneous cell death occurred in the entire ablated area. In the present study NADH staining was used to elucidate cell viability. NADH staining denotes intracellular mitochondrial viability based upon the presence of cell respiration (metabolism middle layers of the RF ablated area, and that some of the cells in the outer layer had a chance to survive. It was noteworthy that the outer layer, which was stained pale-blue by NADH staining, extended irregularly and widely into the central layer in cases of ablation adjacent to major vascular structures, as shown in Fig. 6 . This finding might be due to a heat sink effect caused by blood flow during RF ablation. The hypervascularity reduces the RF-induced thermal effect by mediating tissue cooling, and alters heat conduction within the treatment zone [30] . In a clinical setting, the irregular distribution of cell death in the margins of the ablated area represents a risk of potential therapeutic failure, as early clinical studies suggest that tumor ablation often failed at the margins [31] . Clinicians can misjudge the region of cell death if they assume that the region of complete cell death is regular and can be predicted by the size of electrode. When real time imaging is able to accurately indicate a potentially viable area within the ablated lesion, immediate additional ablation can be performed to achieve successful RFA.
Although ultrasonography represents real time imaging, most studies showed that conventional ultrasonography, such as gray-scale, color doppler, and power doppler sonography, correlated poorly with the extent of RF-induced necrosis [32] [33] [34] . However, recently introduced sonographic contrast media is reported to provide better perfusion images for assessment of tissue vascularity than does conventional ultrasonography [35] . In this study, several ultrasonographic techniques were examined. The size of ablation area determined by each imaging technique was compared to the pathological size of the actual destructive lesion, which included only the macroscopic inner and middle layers. In B-mode examination, the border of the ablated area was unclear, and the imaged size differed from the size of the pathological ablated area. This result was similar to those in previous studies. Although obtained using contrast media, CHI images also did not correlate well with the pathological size of the ablated lesion. In CHI, the border between the enhanced surrounding tissue and non-enhanced ablated area was unclear in some cases, as the contrast effect was influenced by echogeneity of the original tissue and residual gas formation. In B-mode and CHI examinations, the size determined as the ablation area was generally larger than the size of the macroscopic inner and middle layers. These imaging methods probably pick up the change of echogeneity of the congestive outer layer and interpret it as an ablated area, in spite of the tissue perfusion. On the other hand, the FEI-PD imaging accurately correlated with the pathologic size of the inner and middle layers, where complete cell death was induced. Also, the irregular shape of the inner and middle layer correlated to that of the non-perfusion area in FEI-PD. Tissue perfusion may be a reliable sign of the existence of viable cells, and FEI-PD sensitively reflected the viable cells in the outer layer. Tissue perfusion in the outer layer should be reduced, however, contrast media accumulated more than in the intact tissues because of congestion. Therefore, ultrasonographic perfusion image was thought to be sensitively depicted tissue perfusion of the outer layer. Cioni et al. [31] reported the efficacy of harmonic power doppler sonography without flush echo mode in evaluating the RF ablated area. However, harmonic power Doppler sonography without flush echo mode detected only enhanced flow of the major vessels, not tissue perfusion. Theoretically, flush echo imaging depicts tissue perfusion more sensitively, by destroying or disrupting the microbubbles of contrast media that accumulated in the perfusion tissues during the interval of the flush echo pulse. Furthermore, in FEI-PD the perfusion images could be carefully observed in sequential multiple planes in the entire ablated region, because the enhanced effect lasted more than 5 min. The FEI-S technique allows the acquisition of several rapid sequences at one trigger with high acoustic power and stores every image of this sequence for later review. Consequently, digital subtraction of the contrast harmonic B-mode image is automatically obtained by subtracting the last-frame image from the first-frame image. This technique was reported to be sensitive for detecting tissue perfusion [22] . In the present study, however, FEI-S sometimes produced a failed image because of the influence of breathing and heart-beat. FEI-PD is not a high-end function nowadays, and it can be utilized even in standard models of sonographic machines. The gas formation generated during ablation showed a diffuse strong echoic lesion, and disturbed the ultrasonographic observation immediately after RFA. However, most of the gas disappeared within 10 minutes after irradiation, and thereafter adequate FEI-PD images were obtained.
Although dynamic CT or MRI can evaluate the ablation area accurately [5,13,18], these technologies are expensive and are inconvenient for real-time monitoring of RFA. Ultrasonography offers some obvious benefits over other imaging modalities such as low cost, easy repetition, and real-time guidance for therapy [19] . We concluded that FEI-PD was a simple, reliable and useful imaging modality for evaluation of the complete destructive region of RFA, and might be applied to other local treatments for evaluation of therapeutic effectiveness. 
